INTRODUCTION
============

Paeonol (2′-hydroxy-4′-methoxyacetophenone) is a natural component and principle bioactive compound isolated from the root bark of Cortex Moutan (*Paeonia suffruticosa Andrew*) ([@b25-bt-27-290]). It possess various pharmacologic activities such as antioxidant, analgesic, anti-proliferative, anti-platelet aggregation, anti-neuroinflammatory, and anti-diabetic effects and counteraction for neurological disorders ([@b26-bt-27-290]; [@b18-bt-27-290]; [@b51-bt-27-290]; [@b49-bt-27-290]; [@b8-bt-27-290]; [@b27-bt-27-290]; [@b52-bt-27-290]). It has been reported that paeonol derivatives are promising multifunctional agents for Alzheimer's disease (AD) and it can improve or relieve energy metabolism associated with brain development and ameliorate behavior in a rat model of AD ([@b35-bt-27-290]; [@b55-bt-27-290]). It is a protector of cerebrovascular damage and increases the level of acetylcholine ([@b35-bt-27-290]; [@b54-bt-27-290]). In addition, it has neuroprotective effect against brain diseases such as cerebral ischemic stroke, diabetic encephalopathy (DE), and AD ([@b50-bt-27-290]; [@b53-bt-27-290]). Pharmacokinetics and metabolism of paeonol have been investigated through HPLC-DAD-MS method *in vivo* ([@b49-bt-27-290]; [@b25-bt-27-290]). However, its transport mechanism across the blood-brain barrier (BBB) from blood to brain remain unknown. Distribution of drugs to the brain can be affected by various factors, including transport properties through BBB.

BBB is formed by tight junction of brain capillary endothelial cells and it plays an important role in the exchange of endogenous and exogenous substance in the blood ([@b28-bt-27-290]; [@b1-bt-27-290]). To penetrate BBB via lipid-mediated free diffusion, molecular weight (MW) of substance must be less than 400 Dalton ([@b37-bt-27-290]; [@b30-bt-27-290]; [@b38-bt-27-290], [@b39-bt-27-290]). Previous studies have reported that lipophilic organic cationic compounds can be transported across plasma membrane via several carrier mediated, organic cationic transport (OCT) family, organic cation/carnitine transporter (OCTN) family, and plasma membrane monoamine transporter (PMAT) ([@b38-bt-27-290]; [@b17-bt-27-290]). Recently, it has been found that lipophilic compounds such as diphenhydramine, pyrilamine, oxycodone, tramadol, clonidine, amantadine, cocaine, memantine, nicotine, and apomorphine are transported from circulating blood to the brain via organic cation-sensitive transporter and carrier mediated transporter system ([@b4-bt-27-290]; [@b31-bt-27-290]; [@b2-bt-27-290]; [@b40-bt-27-290]; [@b15-bt-27-290]; [@b6-bt-27-290]; [@b41-bt-27-290]; [@b45-bt-27-290]; [@b5-bt-27-290]; [@b14-bt-27-290]; [@b33-bt-27-290]; [@b7-bt-27-290]; [@b44-bt-27-290]). Paeonol has a small molecular weight (166.17 g/mol) and high lipophilicity (2.31, pH 7.4) with pKa value of 9.78 so it could be easily transported to the brain. However, the transport mechanism of paeonol is still unknown. Therefore, the objective of our study was to investigate the transport mechanism of paeonol to the brain through BBB using both *in vitro* (using conditionally immortalized rat brain capillary endothelial cell line (TR-BBB) as a model of BBB) and *in vivo* (using internal carotid artery perfusion) ICAP, carotid artery single injection technique (brain uptake index, BUI) and intravenous (IV) injection techniques.

MATERIALS AND METHODS
=====================

Radioisotopes and reagents
--------------------------

Radiolabeled compounds \[^3^H\]paeonol (7.2 Ci/mmol), 3-0-Acetyl-L-carnitine \[N methyl-^3^H-\] hydrochloride (\[^3^H\]ALC, 60 Ci/mmol), and N-methy-4-phenylpyridinium \[N-methyl-^3^H-\], (\[^3^H\]MPP^+^, 83.9 Ci/mmol), were purchased from American Radiolabeled Chemicals, Inc (St. Louis, MO, USA). Bovine serum albumin (BSA) and Bio-Rad DC protein assay kit were purchased from Bio-Rad Laboratories Co (Hercules, CA, USA). Unlabeled compounds such as paeonol, imperatorin, tramadol hydrochloride, pyrilamine maleate salt, quinidine, verapamil, tetraethyl ammonium (TEA), choline, estrone 3-sulfate sodium salt (E.S.), para-aminohippurate (PAH), dopamine, ALC (acetyl-L-carnitine), 1-methyl-4-phenylpyridinium (MPP^+^), diphenhydramine, 6-mercuptopurine (6-MP), mannitol, and other compounds were purchased from Sigma Aldrich (St. Louis, MO, USA).

Animals
-------

Male Sprague-Dawley rats (SD rats, 7 weeks, 230--350 g) were purchased from Koatech Inc (Pyeongtaek, Korea). These animals were housed at 25°C for 12 h dark and 12 h light cycle. All animal experiments were approved by the Committee of the Ethics of Animal Experimentation of Sookmyung Women's University (SMWU-IACUC-1405-009-03).

Pharmacokinetics and brain uptake by intravenous injection (IV) technique
-------------------------------------------------------------------------

Pharmacokinetics studies were performed using procedures described previously ([@b10-bt-27-290]; [@b23-bt-27-290]). Male SD rats were intramuscularly anesthetized with ketamine/xylazine (100 mg/kg / 2 mg/kg) (Yuhan, Seoul, Korea). The left femoral vein was cannulated with a polyethylene-50 (PE-50) tubing (SP-45, Natsume, Tokyo, Japan) and injected with a 0.2 mL Ringer-Hepes buffer including serum albumin 1% at pH 7.4 and \[^3^H\]paeonol (5 uCi/ 695 nM). Blood samples (0.3 mL) were collected at 0.25, 1, 2, 5, 15, 30, and 60 min after the injection. These animals were decapitated to remove the brain and other organs (heart, liver, lung, and kidney) at 60 min after IV injection. These organs were solubilized with Soluene 350 (PerkinElmer Inc., Waltham, MA, USA) before liquid scintillation counting at 60°C for 3 h. Each sample was mixed with 10 mL of Ultima gold (PerkinElmer Inc.) to analyze radioactivity using Tri-Carb Liquid Scintillation Counters (PerkinElmer).

Pharmacokinetic parameters were computed as described previously ([@b10-bt-27-290]; [@b23-bt-27-290]). The radioactivity in the plasma (dpm/mL) was converted to percentage of injected dose (ID) per milliliter (mL) and the % ID/mL was fit to the following bi-exponential equation: $$\%\text{ID}/\text{mL} = {\text{A}_{1\text{e}}}^{( - k_{1}t)} + {\text{A}_{2\text{e}}}^{( - k_{2}t)}$$

The intercepts A~1~ and A~2~ and slopes K~1~ and K~2~ were used to calculate the pharmacokinetic parameters such as area under the plasma concentration curve at 60 min (AUC), steady-state AUC (AUC~ss~) steady state volume of distribution (V~d.ss~) and systemic clearance (CL) ([@b23-bt-27-290]).

The permeability-surface area (PS) product of BBB was determined using the following equation: $$\text{PS} = \frac{\lbrack V_{D} - V_{0}\rbrack\text{Cp}(\text{T})}{\int_{0}^{T}{\mathit{Cp}(T)dt}}$$

Where, C~p~ (T) was the 60-min plasma concentration (% ID/mL), V~D~ was the brain volume of distribution or the terminal brain/plasma volume, and V~0~ was the plasma volume for respective organ as described previously ([@b36-bt-27-290]; [@b11-bt-27-290]). Terminal brain uptake expressed as %ID/g brain was calculated from the PS (μL/min/g) and the 60-min plasma of area under the curve (AUC) (% ID min/mL) using the following equation: $$\%\text{ID}/\text{g} = \text{PS} \times \text{AUC}/1000$$

Internal carotid artery perfusion technique
-------------------------------------------

Internal carotid artery perfusion (ICAP) technique was carried out as described previously ([@b3-bt-27-290]; [@b20-bt-27-290]). Briefly, the occipital artery, superior thyroid artery, and straight pterygopalatine artery were bound by electro cauterization. The external carotid artery was cannulated with polyethylene-10 tubing (SP-10, Natsume). The common carotid artery was ligated just before starting perfusion. Krebs-Henseleit buffer (KHB) containing 0.1% bovine serum albumin (BSA) was equilibrated with 95% O~2~/5% CO~2~ at 37ºC. The buffer contained 1 μCi/ 139 nM of \[^3^H\]paeonol with or without inhibitory compounds. Perfusion was terminated by decapitation. The brain was removed quickly during 15 s of infusion with an infusion pump (Harvard Apparatus, South Natick, MA, USA; at 4 mL/min). The ipsilateral cortex of brain was weighed and solubilized in 3 mL Soluene 350. The \[^3^H\] radioactivity was analyzed using the Tri-Carb Liquid Scintillation Counters.

Perfusion fluid
---------------

Briefly, the ionic composition of KHB perfusate was changed to remove Na+ and Cl- by iso-osmotic replacement ([@b5-bt-27-290]). Sodium and chloride were replaced by mannitol (256 mM mannitol) ([@b15-bt-27-290]; [@b6-bt-27-290]). To change intracellular pH to alkalization condition, carbonate free HEPES buffer (mmol/L: (119 mM NaCl, 4.7 mM KCl, 25 NaHCO~3~, 1.2 mM MgSO~4~, 1.2 mM K~2~HPO~4~, 10 mM HEPES, 2.5 mM CaCl~2~, 10 mM D-glucose and 10 g/dl BSA) was used.

Apparent brain distribution volume and initial brain transporter parameters
---------------------------------------------------------------------------

Data analysis for brain uptake ratio of \[^3^H\]paeonol to perfusate was performed as described previously ([@b10-bt-27-290]). Briefly, the apparent brain volume of distribution (V~D~) of \[^3^H\]paeonol was determined from the ratio activity of disintegrations per min per gram (dpm/g) of brain to disintegration per min per microliter (dpm/μL) of perfusate ([@b36-bt-27-290]). $$$$

The permeability surface area (PS) product of the BBB was calculated using the following equation: $$\text{PS}(\mu\text{L}/\text{min}/\text{g}) = \text{V}_{\text{D}}(\mu\text{L}/\text{g})/\text{t}(\text{min})$$

Where t was the perfusion time (15 s).

For concentration-dependency experiment, the influx (J~in~, μmol/min/g) of \[^3^H\]paeonol was determined with equation: $$\text{J}_{\text{in}} = \text{PS} \times \text{C}_{\text{tot}}$$

Where C~tot~ (mM) was the concentration of paeonol in the perfusate.

For saturable transport, \[^3^H\]paeonol of brain influx (J~in~) or cellular velocity (μmol/min/g) was described as a saturable Michaelis-Menten constant. Passive unsaturable compounds have been previously measured ([@b5-bt-27-290]). $$\text{J}_{\text{in}} = \frac{\text{V}_{\text{max}}\text{C}_{\text{tot}}}{\text{K}_{\text{m}} + \text{C}_{\text{tot}}} + \text{K}_{\text{d}}\text{C}_{\text{tot}}$$

Where C~tot~ (mM) was total paeonol concentration in the perfusate or incubation buffer, V~max~ (μmol/min/g) was the maximal velocity of transport, and K~m~ (mM) of paeonol was the concentration at half-maximal carrier velocity. K~d~ (μL/min/g) was an unsaturable component transported by passive diffusion. Data were fitted using nonlinear regression analysis.

Brain uptake index method (BUI)
-------------------------------

BUI method was performed to investigate the inhibition activity of various compound on \[^3^H\]paeonol uptake by following the precious reports. ([@b42-bt-27-290]; [@b47-bt-27-290]). Ringer HEPES buffer containing \[^3^H\]paeonol (2.5 μci) and \[^14^C\]n-butanol (0.5 μci) with or without unlabeled compounds were injected in the right common carotid artery. Rat was decapitated 15 s after the injection and brain was isolated and dissolved in solunene-350. Radioactivity was measured using Tri-Carb Liquid scintillation counters. The percentage BUI was calculated using the following equation. $$\text{BUI}\% = \frac{\frac{\lbrack 3\text{H}\rbrack}{\lbrack 14\text{C}\rbrack}(\text{dpm}\,\text{in}\,\text{th}\,\text{brain})}{\frac{\lbrack 3\text{H}\rbrack}{\lbrack 14\text{C}\rbrack}\text{dpm}\,\text{in}\,\text{the}\,\text{injected}\,\text{solution}} \times 100$$

Cell culture
------------

TR-BBB cells were cultured according to previous reports ([@b12-bt-27-290]; [@b21-bt-27-290]). Briefly, TR-BBB cells were seeded in rat tail collagen type 1-coated 24 well culture plates (Iwaki, Tokyo, Japan) at a density of 1×10^5^ cells/well. Cells were maintained at 33°C under humidified atmosphere with 5% CO~2~/95% air.

*In vitro* of \[^3^H\]paeonol uptake studies in TR-BBB cells
------------------------------------------------------------

The *in vitro* uptake study of \[^3^H\]paeonol transport in TR-BBB cells was performed according to previous reports ([@b13-bt-27-290]; [@b22-bt-27-290]; [@b46-bt-27-290]). Briefly, cells were washed three times with 1 mL extracellular fluid (ECF) buffer at pH of 7.4 and temperature of 37°C. Cells were then incubated with 200 μL ECF buffer containing 70 nM of \[^3^H\] paeonol with or without inhibitory compounds at 37°C for designed time duration. Cells were washed three times with 1 mL cold ECF buffer to determinate the uptake. After overnight of incubation, cells of each plate were collected to examine the radioactivity using Tri-Carb Liquid Scintillation Counters (PerkinElmer). Protein concentration was determined using DC protein assay kit (Bio-Rad Laboratories Co) with bovine serum albumin as standard. The uptake of \[^3^H\]paeonol was expressed as cell-to-medium (μL/mg protein) ratio. It was obtained by dividing the uptake amount by the concentration of substrate in the transport medium using the following equation: $$$$

The uptake of \[^3^H\]paeonol uptake at 0--1 mM was measured for 5 min as the initial uptake. To estimate kinetic parameters, the initial uptake of \[^3^H\]paeonol at 0.01--0.25 mM for 5 min was fitted by Michaelis-Menten plot using the following equation: $$\text{V} = \text{V}_{\text{max}} \times \text{C}/(\text{K}_{\text{m}} + \text{C}) + \text{K}_{\text{d}} \times \text{C}$$

Where V and C were the initial uptake rate of \[^3^H\]paeonol at 5 min and the concentration of paeonol, respectively. V~max~ was the maximum uptake rate for saturable component (nmol/min/mg protein), K~m~ was the Michaelis-Menten constant (mM), and K~d~ was the first order constant for non-saturable component. V~max~/K~m~ (μL/min/mg protein) value was calculated as the uptake clearance for saturable transport compound.

To analyze the competitive nature of inhibitors such as tramadol and pyrilamine for \[^3^H\]paeonol uptake by TR-BBB cells, Lineweaver-Burk plots were obtained. Inhibitory constant (K~i~) was calculated using the following equation: $$\text{V} = \text{V}_{\text{max}} \times {\text{C}/}\lbrack\text{K}_{\text{m}} \times (1 + \text{I}/\text{K}_{\text{i}}) + \text{C}\rbrack$$

Where I was inhibitor concentration (the concentration of each mutual inhibitory effect of a compound).

In order to determine the metabolic energy dependence of \[^3^H\]paeonol uptake by TR-BBB cells, the uptake of \[^3^H\]paeonol was measured under ATP-depleted condition by pre-incubation with 0.1% of sodium azide (NaN~3~, metabolic energy inhibitor) for 20 min. In this experiment, 10 mM D-glucose in the transport buffer was replaced by 10 mM 3-*O*-methylgoucose to reduce metabolic energy. To examine sodium ion dependency of \[^3^H\]paeonol uptake by TR-BBB cells, the uptake was measured under sodium ion-free condition by replacing with *N*-methylglucamine^+^ (NMG^+^). To examine the effect of membrane potential on \[^3^H\]paeonol uptake, sodium ion was replaced with KCl or pretreated with 10 μM valinomycin (potassium ionophore) for 10 min in transport buffer containing 0.2% DMSO. In order to evaluate the effect of proton gradient on \[^3^H\]paeonol uptake, cells were treated with 10 μM carbonyl cyanide-*p* trifluoromethoxyphenylhydrazone (FCCP, a protonophore, dissolved in the transport medium containing 0.2% ethanol) for 10 min ([@b31-bt-27-290]; [@b46-bt-27-290]). The uptake of \[^3^H\]paeonol was also measured at pH of 6.4, 7.4, and 8.4.

To examine the effect of intracellular pH (pH~i~) on \[^3^H\]paeonol uptake, NH~4~Cl was used as described in previous study ([@b14-bt-27-290]). NH~4~Cl (30 mM) was simultaneously used to elevate alkalized pH~i~ ([@b40-bt-27-290]). To measure the uptake of \[^3^H\]paeonol at acidic pH~i~, cells were pre-treated with 30 mM of NH~4~Cl for 30 min.

Small interfering RNA transfection
----------------------------------

In order to determine the functional role of transporter on brain uptake of \[^3^H\]paeonol, transient knockdown of OCTN2 and rPMAT in TR-BBB cells was performed by transfection of small interfering RNA (siRNA) purchased from Dharmacon, GE (Landsmeer, the Netherlands). RNA interference analysis was performed as described in previous reports ([@b32-bt-27-290], [@b34-bt-27-290]; [@b20-bt-27-290]). Briefly, TR-BBB cells were seeded at density of 1×10^5^ cells/well on type I collagen-coated 24-well plates (Iwaki). After 60--70% confluence was achieved on the next day, cells were transfected with OCTN2 siRNA and rPMAT siRNA or control siRNA at concentration 200 nM using Lipofectamine^®^ 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Cells were incubated at 33°C for 48 h in a CO~2~ incubator. Knockdown of these transporters were checked by real-time PCR. Uptake of \[^3^H\]peaonol (13.9 nM) for 5 min or \[^3^H\]ALC (1.67 nM) and \[^3^H\]MPP^+^ (1.19 nM) for 15 min was measured as described above.

Statistical data analysis
-------------------------

All data are expressed as mean ± standard error of mean (SEM). Data were subjected to one-way analysis of variance (ANOVA) with Dunnett's (post hoc test). Differences were considered statically significant at *p*\<0.05.

RESULTS
=======

*In vivo* blood-to-brain transport of \[^3^H\]paeonol and pharmacokinetics in rats
----------------------------------------------------------------------------------

First, brain uptake of \[^3^H\]paeonol across the BBB *in vivo* was investigated following IV injection in rats. Pharmacokinetic parameters of \[^3^H\]paeonol, unlabeled paeonol 10 mM and pyrilamine 10 mM were estimated from the plasma concentration-time profile shown in ([Fig. 1A](#f1-bt-27-290){ref-type="fig"}) using non-compartmental pharmacokinetic analysis. Similarly, the area under the plasma concentration-time curve (AUC) of paeonol 10 mM (25.7 ± 2.7) and pyrilamine 10 mM (35.0 ± 5.3) were increased significantly compared to the control (18 ± 1.7). In addition, the brain uptake (%ID/g) of the plasma parameter of \[^3^H\]paeonol with unlabeled paeonol of concentration 10 mM (0.012 ± 0.001) and pyrilamine 10 mM (0.020 ± 0.023) were increased compared to the control (0.0087 ± 0.0007) but the PS products did not show any difference in the normal SD rats ([Fig. 1B](#f1-bt-27-290){ref-type="fig"}). Pharmacokinetic parameters of \[^3^H\]paeonol and other compounds are summarized in [Table 1](#t1-bt-27-290){ref-type="table"}. The terminal half-life (T~1/2~) of \[^3^H\]paeonol with the addition of cold paeonol 10 mM was increased compared to control but the V~d,ss~ (mL/kg) has no any differences. Similarly, the clearance CL of \[^3^H\]paeonol with the addition of cold pyrilamine and paeonol were significantly decreased but the MRT (min) was increased in the rats ([Table 1](#t1-bt-27-290){ref-type="table"}). As shown in [Table 2](#t2-bt-27-290){ref-type="table"}, the volume of distribution (V~D~) of \[^3^H\]paeonol by the rat brain was about 6-fold higher than that of sucrose, the vascular space marker of BBB ([@b3-bt-27-290]). Moreover, the %ID/g of \[^3^H\]paeonol uptake by the brain and kidney showed significant increase in the presence of paeonol and pyrilamine of concentration 10 mM but by heart, liver and lungs did not show any difference during the uptake ([Fig. 1B](#f1-bt-27-290){ref-type="fig"}, [Table 2](#t2-bt-27-290){ref-type="table"}). *In vivo* pharmacokinetic results indicated that paeonol could actively transport across the BBB under physiological state.

*In vivo* concentration dependence of \[^3^H\]paeonol transport
---------------------------------------------------------------

To measure BBB permeability and changes of concentration of paeonol to the brain transport through BBB, \[^3^H\]paeonol transport was measured following the ICAP method. The initial transport of \[^3^H\]paeonol in rat brain was plotted against the total paeonol concentration. Both saturable component (Michaelis-Menten) and unsaturable component are shown in [Fig. 2A](#f2-bt-27-290){ref-type="fig"}. The uptake of \[^3^H\]paeonol was found to be concentration dependent with the K~m~ of 0.28 mM, V~max~ of 1.05 μmol/min/g of the brain and the K~d~ value was 0.41 μmol/min/g ([Fig. 2A](#f2-bt-27-290){ref-type="fig"}). Passive diffusion accounted for 17% of the total brain uptake of \[^3^H\]paeonol while carrier-mediated influx was responsible for 83% of the total brain uptake of \[^3^H\]paeonol. These results suggested that paeonol could be transported by carrier-mediated transporter at the BBB.

Effect of several compounds on \[^3^H\]paeonol transport in rat brain *in vivo*
-------------------------------------------------------------------------------

The inhibitory effect of several compounds on the transport of \[^3^H\]paeonol was determined. The values of V~D~ of \[^3^H\] paeonol are shown in ([Table 3](#t3-bt-27-290){ref-type="table"}) using the ICAP method. The uptake of paeonol was strongly inhibited by pyrilamine, diphenhydramine, and tramadol. The uptake of paeonol was also showed significantly reduction effects by paeonol, imperatorin, MPP^+^ (PMAT inhibitor), ALC (an OCTN2-specific substrate), verapamil, and quinidine (organic cations). However, the uptake of \[^3^H\]paeonol was not affected by choline (choline like transporter, CTL1 substrate), TEA (OCT substrate), or 6-mercaptopurine (6-MP) OATP1, OATP3, MRP4, and MRP5 substrate compared to the control ([Table 3](#t3-bt-27-290){ref-type="table"}). These results suggest that the transport of \[^3^H\]paeonol involves a carrier-mediated process.

*In vivo* blood-to-brain transport of \[^3^H\]paeonol across BBB
----------------------------------------------------------------

The carotid artery single injection technique showed that the BUI value of \[^3^H\]paeonol was decreased more than 60 % in the presence of paeonol 10 mM ([Table 4](#t4-bt-27-290){ref-type="table"}). Similarly, other cationic compounds such as verapamil, tramadol, imperatorin, clonidine, pyrilamine, propranolol and nicotine also showed significant reduction effect in BUI study. In contrast, TEA, PAH, choline and taurine did not express any significant effect in BUI of \[^3^H\]paeonol.

Effect of extracellular and intracellular pH on \[^3^H\]paeonol uptake in rat brain
-----------------------------------------------------------------------------------

**Alteration of extracellular pH (pH**~e~**):** The effect of pH~e~ on \[^3^H\]paeonol uptake in rat brain *in vivo* was investigated. The uptake of paeonol was significantly decreased at acidic pH (6.4) but, increased at alkaline pH 8.4 compared to that at pH 7.4 ([Fig. 3A](#f3-bt-27-290){ref-type="fig"}).

**Alteration of intracellular pH (pH**~i~**):** Rat brain was perfused with \[^3^H\]paeonol in KHB buffer containing mannitol (acidification) which revealed that the uptake was significantly increased compared to the control. In contrast, when sodium free-KHB buffer with the addition of HEPES (for alkalization of the extracellular pH), the uptake of paeonol was significantly decreased by brain endothelial cells compared to the control ([Fig. 3B](#f3-bt-27-290){ref-type="fig"}).

Characteristics of transport mechanism of \[^3^H\]paeonol by TR-BBB cells
-------------------------------------------------------------------------

To clarify the transport mechanism/function of \[^3^H\]paeonol by TR-BBB cells, we have used an *in vitro* method. The uptake of \[^3^H\]paeonol was carried out in the presence of various concentrations (0--1 mM) of unlabeled paeonol. Data of kinetic parameters (K~m~ and V~max~) were fitted by Michaelis-Menten equation and result are shown in ([Fig. 2B](#f2-bt-27-290){ref-type="fig"}). Kinetic analysis of paeonol uptake revealed a high-affinity K~m1~ value of 17 μM, a low-capacity V~max1~ of 0.0721 nmol/mg protein/min, a low-affinity K~m2~ value of 2.10 mM, and a high-capacity V~max2~ of 7.89 nmol/mg protein/min in the BBB. The inset graph as shown in [Fig. 2B](#f2-bt-27-290){ref-type="fig"} represents the high affinity and low capacity at the concentration range of 0--0.25 mM.

The effects of paeonol uptake on ATP depletion, membrane potential disruption, proton gradient, and sodium replacement was investigated by TR-BBB cells. The uptake of \[^3^H\]paeonol was significantly decreased by the pretreatment of sodium azide (0.01% metabolic inhibitor) and 10 μM of FCCP, a protonophore. However, the uptake was not change by the replacement of extracellular sodium ion with N-methylglucamine, potassium chloride, or by pre-treatment with valinomycin compared to that in the control ([Table 5](#t5-bt-27-290){ref-type="table"}). \[^3^H\]Paeonol uptake was decreased and increased significantly at extracellular pH 6.4, and pH 8.4 compared to the control pH 7.4 ([Fig. 3C](#f3-bt-27-290){ref-type="fig"}) respectively. In addition, the uptake was markedly increased at acidic pH~i~ and depleted at alkalized pH~i~ ([Fig. 3D](#f3-bt-27-290){ref-type="fig"}). These results showed that \[^3^H\]paeonol uptake was concentration, energy and pH dependent but it was independent of membrane potential or sodium ion.

Inhibitory effect of several compounds on \[^3^H\]paeonol uptake by TR-BBB cells
--------------------------------------------------------------------------------

To characterize the transport mechanism of paeonol by TR-BBB cells, inhibitory effect of several compounds was investigated. As shown in [Table 6](#t6-bt-27-290){ref-type="table"}, the uptake of \[^3^H\]paeonol was inhibited by tramadol, pyrilamine, diphenhydramine, quinidine, verapamil, MPP^+^, dopamine, and ALC. In contrast, TEA, choline, PAH, E.S, and 6-MP had no significant effect on paeonol uptake by TR-BBB cells ([Table 6](#t6-bt-27-290){ref-type="table"}). Therefore, the uptake was mediated by a carrier mediated transporter system.

Inhibitory effects of other compounds on \[^3^H\]paeonol uptake by TR-BBB cells
-------------------------------------------------------------------------------

To determine whether the carrier mediated transporter system accepts paeonol as a substrate, we examined the mutual inhibitory effects on 2 mM of tramadol and pyrilamine uptake by \[^3^H\]paeonol on TR-BBB cells. Lineweaver-Burk plot analysis indicated that there was competitive inhibition effect in the presence of tramadol and pyrilamine with the K~i~ values of 0.46 mM and 0.87 mM respectively on \[^3^H\]paeonol uptake ([Fig. 4](#f4-bt-27-290){ref-type="fig"}).

Effect of rOCTN2 and rPMAT siRNA transfection on \[^3^H\]paeonol uptake by TR-BBB cells
---------------------------------------------------------------------------------------

To determine whether OCTN2 and rPMAT were involved in \[^3^H\]paeonol uptake by TR-BBB cells, OCTN2 and rPMAT siRNA transfection were used for the knocked out study. The mRNA expression levels of rOCTN2 and rPMAT in BBB cells were determined by quantitative RT-PCR (data not shown). Both \[^3^H\]ALC and \[^3^H\]MPP^+^ uptake were significantly decreased by OCNT2 and rPMAT siRNA transfected cells compared to the control ([Fig. 5A, 5B](#f5-bt-27-290){ref-type="fig"}). In contrast, \[^3^H\]paeonol uptake was not affected by the rOCTN2 and rPMAT siRNA transfected ([Fig. 5C, 5D](#f5-bt-27-290){ref-type="fig"}). These results suggest that OCTN2 and rPMAT are not involved in the uptake of \[^3^H\]paeonol by TR-BBB cells.

Comparison of inhibitory effect and lipophilicity of compounds on the uptake of \[^3^H\]paeonol
-----------------------------------------------------------------------------------------------

To examine the relationship between the inhibitory effect and lipophilicity of compounds on the uptake of \[^3^H\]paeonol in rat brain *in vivo* and *in vitro*, relative inhibition \[100-relative brain uptake (%)\] and log n-octanol-ringer distribution coefficient at pH 7.4 called log D were calculated following previous reports ([@b17-bt-27-290]). Results are shown in ([Fig. 6A, 6B](#f6-bt-27-290){ref-type="fig"}) and ([Table 3](#t3-bt-27-290){ref-type="table"}, [6](#t6-bt-27-290){ref-type="table"}). The plotted cationic compounds were separately classified into group I-II after comparing the relative inhibition and lipophilicity of brain distribution volume (V~D~) in rats. Both group I (tramadol, pyrilamine, quinidine, MPP+, diphenhydramine) and group II (choline, TEA, and ALC) compounds had significant inhibition effects on \[^3^H\]paeonol uptake except choline and TEA. Group III is type of organic anion compounds, they had no significant effect on \[^3^H\]paeonol uptake ([Fig. 6B](#f6-bt-27-290){ref-type="fig"}) using regression line estimated with [equation 12](#FD12){ref-type="disp-formula"}. The star mark represented strong inhibition effect of unlabeled paeonol on the uptake of \[^3^H\]paeonol. Regression line for the entire groups of compounds was estimated using the following equation: $$\text{Relative}\,\text{inhibition}\,(\%)\,\text{of}\,\text{V}_{\text{D}} = 7.02 \times \text{log}\,\text{D} + 29.5$$ $$\text{Relative}\,\text{inhibition}\,(\%)\, = 5.88 \times \text{log}\,\text{D} + 25.3$$

DISCUSSION
==========

Paeonol has reputed broad range of neuroprotective effect in various models of CNS disorders such as ischemic stroke, diabetic encephalopathy (DE), AD as well as the counteraction of neurological disorders ([@b27-bt-27-290]; [@b52-bt-27-290]). Pharmacokinetic study is effective to predict the efficacy, toxicity and clinical applications of the compounds ([@b49-bt-27-290]). Distribution of paeonol and its metabolite to brain is very high by oral administration ([@b25-bt-27-290]). However, the transport mechanism of paeonol has not been clearly identified across the BBB. So, we pursue to investigate the brain uptake, pharmacokinetic and permeability of paeonol by using an internal carotid artery perfusion method in brain.

In the present study, changes in the pharmacokinetics and the brain distribution of \[^3^H\]paeonol with the addition of other compounds (unlabeled pyrilamine and paeonol 10 mM) was investigated in order to determine the metabolic profile of paeonol. Pharmacokinetic parameters of \[^3^H\]paeonol after IV injection are shown in ([Fig. 1](#f1-bt-27-290){ref-type="fig"}, [Table 1](#t1-bt-27-290){ref-type="table"}, [2](#t2-bt-27-290){ref-type="table"}). Pharmacokinetic parameters such as AUC (%ID^\*^min/mL) and %ID/g value of \[^3^H\]paeonol presents the marked induction in the presence of cold paeonol and pyrilamine at a concentration of 10 mM. In contrast, the PS (μL/min) value had no any effect in the rat brain ([Fig. 1B](#f1-bt-27-290){ref-type="fig"}). \[^3^H\]Paeonol uptake with the addition of the other compounds shows significantly higher in the half-life (T~1/2~), AUC, MRT and the %ID/g profile but the PS product has no effect in the rat brain. However, the CL was decreased significantly with the addition of compounds and the V~d.ss~ value has decreased only in the pyrilamine addition. Brain volume of distribution (V~D~) of \[^3^H\]paeonol was about 6-fold higher than that of sucrose ([@b3-bt-27-290]) and the V~D~ was markedly reduced during the addition of compounds. Similarly, the uptake of \[^3^H\]paeonol (0.0087 %ID/g) was similar to that of \[^3^H\] paclitaxel (0.010 %ID/g) but it was 3 fold greater than that of \[^3^H\]morphine-6-glucuronide (0.0026 %ID/g) but other organs such as heart, liver and lung has no difference ([@b48-bt-27-290]; [@b23-bt-27-290]). Moreover, the V~D~ of \[^3^H\]paeonol in rat brain following ICAP technique was 67 fold greater than the V~D~ of \[^14^C\]sucrose ([@b36-bt-27-290]) ([Table 1](#t1-bt-27-290){ref-type="table"}, [2](#t2-bt-27-290){ref-type="table"}). These finding are consistent with the current studies. Paeonol is highly lipid soluble compound and has a low molecular weight so it can be expected that it can cross the BBB under the physiological state. Our results also proved that paeonol has high BBB permeability. In general, it has widely been known that the changes in the pharmacokinetic parameter might not alter the drug efficacy in non-linear pharmacokinetics ([@b23-bt-27-290]).

Our *in vivo* results revealed that brain transport of \[^3^H\] paeonol was in a concentration dependent manner ([Fig. 2A](#f2-bt-27-290){ref-type="fig"}). The apparent Michaelis-Menten (K~m~) of paeonol parameter was 0.28 mM in the brain. Similarly, the K~m~ value of clonidine was 0.62 mM ([@b2-bt-27-290]). *In vivo* carrier-mediated transport rate was about 3.8 μL/min/g and passive transport rate was about 0.4 μL/min/g. The influx rate of paeonol was 9 times more than its passive diffusion when its concentration was less than the apparent K~m~ value. To identify the transport system of paeonol involved in rat brain, the effects of various compounds on paeonol uptake were determined ([Table 3](#t3-bt-27-290){ref-type="table"}, [4](#t4-bt-27-290){ref-type="table"}). \[^3^H\]Paeonol uptake by rat brain was significantly decreased by the substrates of the novel organic cationic compounds such as imperatorin, tramadol, pyrilamine, nicotine, verapamil, propranolol, clonidine and diphenhydramine ([@b31-bt-27-290]; [@b16-bt-27-290]; [@b14-bt-27-290]; [@b44-bt-27-290], [@b46-bt-27-290]; [@b47-bt-27-290]). It was also significantly inhibited by MPP^+^ ([@b32-bt-27-290]) and ALC ([@b21-bt-27-290]). However, there was no effect by OCTs & OCTN1 substrate (TEA) ([@b43-bt-27-290]; [@b30-bt-27-290]; [@b5-bt-27-290]) CTL1 substrate (choline) ([@b19-bt-27-290]), OATP1-3, or MRP4 & 5 inhibitor (6-MP) ([@b29-bt-27-290]; [@b9-bt-27-290]; [@b24-bt-27-290]) ([Table 3](#t3-bt-27-290){ref-type="table"}, [4](#t4-bt-27-290){ref-type="table"}).

Paeonol uptake was found to be concentration-dependent with the K~m1~, K~m2~, V~max1~ and V~max2~ values of 17 μM, 2.10 mM and 0.072 nmol/mg/protein/min and 7.88 nmol/mg/protein, respectively ([Fig. 2B](#f2-bt-27-290){ref-type="fig"}). A kinetic analysis revealed that saturable component (V~max~/K~m~) was in the lower concentration range (\<0.25 mM) in TR-BBB cells. The inset graph ([Fig. 2B](#f2-bt-27-290){ref-type="fig"}) represents the higher affinity and lower capacity than the outside graph of [Fig. 2B](#f2-bt-27-290){ref-type="fig"}. This result is similar to the pyrilamine (organic cationic) influx system also expressing the high- and low- affinity transport processes at BBB with K~m1~ of 20 μM and K~m2~ of 252 μM ([@b16-bt-27-290]). Both *in vivo* and *in vitro* results provides evidence that carrier mediated and novel organic cationic transporter system mediated for paeonol transport to the brain. Paeonol uptake was significantly increased and decreased at extracellular pH 8.4 and 6.4 respectively ([Fig. 3A](#f3-bt-27-290){ref-type="fig"}). Similarly, the effect of intracellular pH on paeonol uptake reduced at alkalization but increased at acidification ([Fig. 3B](#f3-bt-27-290){ref-type="fig"}). The detail mechanisms of paeonol transport across the BBB was expressed by *in vitro* cellular uptake study in TR-BBB cells. *In vivo* and *in vitro* results are expressed in the same patterns ([Fig. 3C, 3D](#f3-bt-27-290){ref-type="fig"}). Moreover, the uptake of \[^3^H\]paeonol was significantly reduced with the pre-treatment of metabolic inhibitor (NaN~3~) and FCCP (protophore). However, the uptake was not dependent on sodium and membrane potential but dependent with pH and energy ([Table 5](#t5-bt-27-290){ref-type="table"}). *In vivo* and *in vitro* results are expressed in the same patterns ([Fig. 3C, 3D](#f3-bt-27-290){ref-type="fig"}). The paeonol uptake results are similar to those reported in previous studies which expressed the proton coupled organic cationic antiporter system involved for the functional transport of several compounds such as tramadol, pyrilamine, diphenhydramine and oxycodone ([@b31-bt-27-290]; [@b40-bt-27-290]; [@b41-bt-27-290]; [@b14-bt-27-290]; [@b47-bt-27-290]).

*In vitro* inhibition result is similar to the *in vivo* result as shown in ([Table 3](#t3-bt-27-290){ref-type="table"}, [4](#t4-bt-27-290){ref-type="table"}, [6](#t6-bt-27-290){ref-type="table"}). Most substrates of the organic cation transporter/carrier mediated transporter have amine attached to an aromatic moiety through an appropriate length of linker but peonol is distinguish differently than these substrates. However, \[^3^H\]paeonol uptake was inhibited the substrates of novel OCT (tramadol, diphenhydramine, pyrilamine), OCTN2 (ALC) and PMAT (MPP^+^) but not the MATE and OCTN1 substrate (TEA). From here we have selected two compounds tramadol and pyrilamine for the \[^3^H\]paeonol competitive inhibition study. The uptake of \[^3^H\]paeonol was competitively inhibited by those compounds ([Fig. 4A, 4B](#f4-bt-27-290){ref-type="fig"}). The Ki value is related to the percentage of inhibition study. They have mutually inhibited the uptake of paeonol suggesting that the paeonol can transport to the BBB similar to the tramadol and pyrilamine, those follows the novel organic cationic transporter system.

Inhibition study ([Table 3](#t3-bt-27-290){ref-type="table"}, [4](#t4-bt-27-290){ref-type="table"}, [6](#t6-bt-27-290){ref-type="table"}) data presents inhibitory characteristics are partially consistent with those of the organic cationic transporter/system at the blood brain barrier. Novel organic cationic transporter substrate such as pyrilamine, tramadol, diphenhydramine and verapamil, and OCTN2 substrate ALC, PMAT substrate MPP^+^ showed the reduction effects in the uptake of paeonol. In addition, OCTN1/MATE transporter substrate TEA had no effect on the uptake study. Therefore, we were curious to investigate which transporter system mainly involved for the paeonol transport at BBB. Taking reference as inhibition results, we have selected PMAT and OCTN2 because ALC and MPP+ has presented for inhibition but TEA not in the paeonol uptake. Furthermore, to determine whether OCTN2, PMAT or other transporter system involved for paeonol uptake SiRNA transfection and uptake study was done in the BBB cell lines. The known transporters such as OCTN2 (ALC) and PMAT (MPP^+^) siRNA transfected cells shows the significant reduction effect with the corresponding uptake. Similarly to identify the \[^3^H\]paeonol transporter system, same SiRNAs were used for the transfection of the cells but the uptake was carried out by \[^3^H\]paeonol. The observed results expressed that OCTN2 and PMAT did not contribute for the transport of paeonol to the BBB. So, it concludes novel organic cationic transporter system involved for the paeonol uptake in BBB ([Fig. 5](#f5-bt-27-290){ref-type="fig"}) ([@b7-bt-27-290]).

Furthermore, the inhibitory effects of cationic compounds with different lipophilicity were compared in order to investigate the interaction of cations and paeonol influx system at BBB. Both group I (tramadol, pyrilamine, quinidine, MPP^+^ and diphenhydramine) and group II (choline, TEA and ALC) compounds had significant inhibition effects on \[^3^H\]paeonol uptake except choline and TEA suggesting that the paeonol influx system could be significantly inhibited by lipophilic amines due to the relationship between relative inhibition and predicted log D ([@b17-bt-27-290]). Moreover, high relative inhibition value by unlabeled paeonol supports the hypothesis that paeonol can undergoes specific carrier-mediated transporter system ([Fig. 6A](#f6-bt-27-290){ref-type="fig"}). Results of *in vitro* inhibitory effect of lipophilic amines on paeonol uptake were similar to *in vivo* results ([Fig. 6B](#f6-bt-27-290){ref-type="fig"}). Especially, tramadol, pyrilamine, ALC and dopamine showed high relative inhibitory effect on paeonol uptake. These results suggest that the paeonol influx system can effectively recognize lipophilic amines such as drug (nicotine, memantine and apomorphine etc.) used for treating CNS disorders ([@b45-bt-27-290]; [@b34-bt-27-290]; [@b7-bt-27-290]). And \[^3^H\]paeonol transport in rat BBB could be related to novel organic cationic transporter system.

Based on our *in vitro* and *in vivo* results, \[^3^H\]paeonol uptake is dependent on concentration, pH and energy. It is inhibited by substrates of the carrier mediated and organic cationic transporter system. \[^3^H\]Paeonol permeability to cross the BBB is high and for the transport across the BBB involves the carrier mediated transporter system. For the future aspects, paeonol can be a good candidate not only for the prevention of CNS disorders but also in the development of new CNS-acting drugs for human beings.

The authors thank to Temdara Tun for helping *in vitro* experiments, also thankful to Dr. T. Terasaki providing us the TR-BBB cells. We are grateful to Dong-A Pharmaceutical Co., Ltd., for providing the paeonol and other plant extract. This research was supported by a grant (No. 2011-0030074) of the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning (MSIP), Republic of Korea.

![Plasma clearance profile of \[^3^H\]paeonol (○), paeonol 10 mM (●) and pyrilamine 10 mM (▼) for up to 60 min after single intravenous (IV) injection (A) and 60-min plasma AUC (%ID^\*^min/mL), BBB PS product (μL/min/g) and brain distribution (%ID/g) in SD rats (B). Data are presented as mean ± SEM (n=3). ^\*^*p*\<0.05, ^\*\*^*p*\<0.01 significantly different from control.](bt-27-290f1){#f1-bt-27-290}

![Concentration dependence of \[^3^H\]paeonol transport using ICAP *in vivo* (A) and TR-BBB cells *in vitro* (B). The uptake of \[^3^H\]paeonol was measured by ICAP in the presence or absence of 0--2 mM unlabeled paeonol. It was measured in TR-BBB cells for 5 min with or with- out 0--1 mM unlabeled paeonol at pH 7.4. The solid curve, dotted line, and curve represent estimated total, non-saturation, and saturation uptakes, respectively. Data are presented as mean ± SEM (n=3--4).](bt-27-290f2){#f2-bt-27-290}

![Effect of changed extracellular (A) and intracellular (B) pH on \[^3^H\]paeonol transport in rat brain by using ICAP at rate of 4 mL/min for 15 s. Effect of changed extracellular (pH~e~) (C) and intracellular (pH~i~) (D) pH on \[^3^H\]paeonol uptake by TR-BBB cells was determined for 5 min at 37°C. Each point represents the mean ± SEM (n=3--4). ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001 compared to the control at pH 7.4.](bt-27-290f3){#f3-bt-27-290}

![Lineweaver-Burk plot analysis of \[^3^H\]paeonol uptake with tramadol and pyrilamine into TR-BBB cells. \[^3^H\]Paeonol uptake (1, 2, and 5 mM for 5 min) was measured in the absence (○) or presence (●) of 2 mM of tramadol and pyrilamine in TR-BBB cells. Each point represents the mean ± SEM of three determinations.](bt-27-290f4){#f4-bt-27-290}

![Effect of OCTN2 siRNA on uptake of \[^3^H\]ALC and \[^3^H\]paeonol (A) and the effect of rPMAT siRNA on uptake of \[^3^H\]MPP^+^ and \[^3^H\] paeonol (B) by TR-BBB cells. Cells were transfected with negative control, OCTN2 siRNA, or rPMAT siRNA using Lipofectamine 2000 transfection reagent. After 2 days of transfection, the uptakes of \[^3^H\]ALC and \[^3^H\]MPP^+^ were measured at 15 min and the uptake of \[^3^H\]paeonol was measured at 37°C for 5 min. Each point represents mean ± SEM of three or four determinations at pH 7.4. ^\*\*^*p*\<0.01 compared to the control.](bt-27-290f5){#f5-bt-27-290}

![A comparison of inhibitory effect and lipophilicity. (A) Relative inhibition of VD on rat brain and (B) relative inhibition on TR-BBB cells were compared for compounds with different lipophilicity. The relative inhibition \[100-relative uptake (%)\] was calculated based on the value listed in [Table 3](#t3-bt-27-290){ref-type="table"} and [4](#t4-bt-27-290){ref-type="table"}. Compounds were classified as group I \[*closed circles*: primary, secondary, tertiary amines, and *closed star* (paeonol and imperatorin)\], group II (open squares: quaternary ammonium cations, group III (open circles: PAH and estron-3-sulfate), and organic anion substrates (OAT3 and Oatps). The regression lines of these groups are described by [equation 11](#FD11){ref-type="disp-formula"} and [12](#FD12){ref-type="disp-formula"} in panels (A) and (B), respectively.](bt-27-290f6){#f6-bt-27-290}

###### 

Pharmacokinetic parameters of \[^3^H\]paeonol after single intravenous (IV) injection in SD rats

  Parameter                                                        \[^3^H\]Paeonol   \+ Paeonol 10 mM                                          \+ Pyrilamine 10 mM
  ---------------------------------------------------------------- ----------------- --------------------------------------------------------- ---------------------------------------------------------
  T~1/2~ (min)                                                     28.9 ± 2.5        84.9 ± 18.3[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}   43.3 ± 7.5
  AUCss (%ID[^\*^](#tfn2-bt-27-290){ref-type="table-fn"} min/mL)   23.2 ± 2.4        63.3 ± 9.8[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}    60.6 ± 12.1[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}
  V~d,ss~ (mL/kg)                                                  161 ± 14          189 ± 27                                                  111 ± 11
  CL (mL/min/kg)                                                   4.38 ± 0.47       1.67 ± 0.31[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}   1.77 ± 0.30[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}
  MRT (min)                                                        37.0 ± 2          118 ± 24[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}      65.4 ± 8.5[^\*^](#tfn2-bt-27-290){ref-type="table-fn"}

Parameter computed from the plasma radioactivity profile in [Fig. 1](#f1-bt-27-290){ref-type="fig"}. V~D~, BBB PS product, %ID/g and pharmacokinetic parameters were estimated after IV injection of \[^3^H\]paeonol (694 nM) at 60 min in SD rat. Each value represents are mean ± SEM (n=3).

*p*\<0.05 was significantly different from control. T~1/2~, half-life; AUC, area under curve; CL, clearance; MRT, mean residence time; V~d,ss~, plasma volume of distribution at steady state.

###### 

Brain volume of distribution (V~D~), BBB PS product, other organs distribution (%ID/g) of \[^3^H\]paeonol after single intravenous (IV) injection in SD rats

                \[^3^H\]Paeonol   \+ Paeonol 10 mM                                            \+ Pyrilamine 10 mM
  ------------- ----------------- ----------------------------------------------------------- -------------------------------------------------------------
  V~D~ (µL/g)   82.0 ± 17.0       39.0 ± 9.0[^\*^](#tfn4-bt-27-290){ref-type="table-fn"}      45.0 ± 1.0[^\*^](#tfn4-bt-27-290){ref-type="table-fn"}
  %ID/g                                                                                       
    Brain       0.0087 ± 0.0005   0.012 ± 0.001[^\*^](#tfn4-bt-27-290){ref-type="table-fn"}   0.020 ± 0.002[^\*\*^](#tfn5-bt-27-290){ref-type="table-fn"}
    Heart       0.041 ± 0.007     0.086 ± 0.007                                               0.18 ± 0.05
    Liver       0.078 ± 0.004     0.093 ± 0.004                                               0.15 ± 0.02
    Lung        0.21 ± 0.1        0.17 ± 0.04                                                 0.29 ± 0.07
    Kidney      4.54 ± 0.26       7.03 ± 0.96[^\*^](#tfn4-bt-27-290){ref-type="table-fn"}     7.26 ± 0.05[^\*\*^](#tfn5-bt-27-290){ref-type="table-fn"}

Parameter computed from the plasma radioactivity profile in [Fig. 1](#f1-bt-27-290){ref-type="fig"}. V~D~, BBB PS product, %ID/g and pharmacokinetic parameters were estimated after IV injection of \[^3^H\]paeonol (694 nM) at 60 min in SD rat. Each value represents are mean ± SEM (n=3).

*p*\<0.05,

*p*\<0.01 was significantly different from control. T~1/2~, half-life; AUC, area under curve; CL, clearance; MRT, mean residence time; V~d,ss~, plasma volume of distribution at steady state.

###### 

Inhibitory effect of various compounds on \[^3^H\]paeonol brain transport in the rat brain following internal carotid artery perfusion in SD rats

  Inhibitor         Concentration (mM)                                         Brain volume of distribution (V~D~, µL/g)                  Control (%)                                              \(n\)   Predicted Log D
  ----------------- ---------------------------------------------------------- ---------------------------------------------------------- -------------------------------------------------------- ------- -----------------
  Control                                                                      674 ± 30                                                   100 ± 4                                                  9       
  Paeonol           1                                                          292 ± 37[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     43 ± 6[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     3       2.31
  10                123 ± 21[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   18 ± 3[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}     4                                                                
  Imperatorin       1                                                          284 ± 39[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   42 ± 6[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   4       4.01
  Tramadol          1                                                          505 ± 29[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     75 ± 4[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     3       0.29
  10                463 ± 21[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     69 ± 3[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}       3                                                                
  Diphenhydramine   10                                                         353 ± 24[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   52 ± 3[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   3       3.43
  Pyrilamine        10                                                         422 ± 10[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   63 ± 2[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   3       0.76
  MPP^+^            10                                                         477 ± 33[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     71 ± 5[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     3       −0.29
  ALC               10                                                         395 ± 32[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   59 ± 5[^\*\*\*^](#tfn8-bt-27-290){ref-type="table-fn"}   4       −3.43
  Verapamil         1                                                          472 ± 14[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     70 ± 2[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     3       2.46
  Quinidine         1                                                          488 ± 18[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     72 ± 3[^\*\*^](#tfn7-bt-27-290){ref-type="table-fn"}     3       0.98
  TEA               10                                                         642 ± 40                                                   96 ± 6                                                   3       −3.26
  Choline           10                                                         747 ± 67                                                   111 ± 10                                                 3       −4.14
  6-MP              1                                                          686 ± 9                                                    101 ± 1                                                  3       −3.09

ALC, acetyl-L-carnitine; MPP^+^, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium; 6-MP, 6-Mercaptopurine. Inhibition of \[^3^H\]paeonol (13.9 nM) brain transport by other cold compounds (1--10 mM) was evaluated by internal carotid perfusion at rate of 4 mL/min for 15 s in SD rats, pH: 7.4. The data represent mean ± SEM (n=3--9).

*p*\<0.01,

*p*\<0.001 was significantly different from control.

###### 

Brain uptake index (BUI) of \[^14^C\]paeonol by SD rats

  Inhibitor         Concentration (mM)   Control (%)                                               \(n\)
  ----------------- -------------------- --------------------------------------------------------- -------
                                                                                                   
  Control                                100 ± 4                                                   9
  Paeonol           10                   38 ± 2[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   4
  Imperatorin       1                    53 ± 2[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  Tramadol          10                   50 ± 1[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  Clonidine         10                   59 ± 1[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  Nicotine          10                   58 ± 0.3[^\*\*^](#tfn10-bt-27-290){ref-type="table-fn"}   3
  Verapamil         3                    47 ± 3[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  Propranolol       10                   55 ± 1[^\*\*^](#tfn10-bt-27-290){ref-type="table-fn"}     3
  Pyrilamine        10                   55 ± 3[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  Diphenhydramine   10                   60 ± 3[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  ALC               10                   61 ± 3[^\*\*^](#tfn10-bt-27-290){ref-type="table-fn"}     3
  MPP^+^            10                   57 ± 1[^\*\*\*^](#tfn11-bt-27-290){ref-type="table-fn"}   3
  TEA               10                   101 ± 1                                                   3
  PAH               10                   102 ± 3                                                   3
  Choline           10                   105 ± 3                                                   3
  Taurine           10                   103 ± 2                                                   3

ALC, acetyl-L-carnitine; MPP^+^, 1-methyl-4-phenylpyridinium; TEA, tetraethylammonium; 6-MP, 6-mercaptopurine. The data represent mean ± SEM (n=3--9).

*p*\<0.01,

*p*\<0.001 was significantly different from control.

###### 

Effect of ATP-depletion, sodium replacement, membrane potential and protonophore (proton gradient) on \[^3^H\]paeonol uptake by TR-BBB cells

  Treatment             Relative uptake (% of control)
  --------------------- ---------------------------------------------------------
  Control               100 ± 4
  Sodium azide (0.1%)   56 ± 8[^\*\*^](#tfn13-bt-27-290){ref-type="table-fn"}
  FCCP (10 µM)          67 ± 1[^\*\*\*^](#tfn14-bt-27-290){ref-type="table-fn"}
  NMG^+^                91 ± 0.9
  Valinomycin (10 µM)   103 ± 3
  KCl                   97 ± 4

The \[^3^H\]paeonol uptake was measured at 37°C for 5 min with metabolic inhibitors as 0.1% sodium azide (NaN~3~) to deplete ATP. Sodium in transport buffer was replaced by with *N*-methyglucamine^+^ (NMG^+^). Potassium (K), valinomycin and 10 μM carbonyl cyanide-*p*-trifluoromethoxyphenylhydrazone (FCCP) was pretreated to disrupt membrane potential (KCl) and to disrupt proton gradient, respectively. Each point represents the mean ± SEM (n=3--4), pH 7.4.

*p*\<0.01,

*p*\<0.001 was significantly different from control.

###### 

Effect of various compounds transporter inhibitor on \[^3^H\]paeonol uptake at 5 min into TR-BBB cells

  Inhibitor         Concentration (mM)                                      \% Of control uptake                                        Predicted Log D
  ----------------- ------------------------------------------------------- ----------------------------------------------------------- -----------------
  Control                                                                   100 ± 2                                                     
  Paeonol           1                                                       45 ± 5.0[^\*\*\*^](#tfn18-bt-27-290){ref-type="table-fn"}   2.31
  Tramadol          1                                                       29 ± 7[^\*\*^](#tfn17-bt-27-290){ref-type="table-fn"}       0.29
  Pyrilamine        1                                                       52 ± 3[^\*\*\*^](#tfn18-bt-27-290){ref-type="table-fn"}     0.76
  Diphenhydramine   1                                                       75 ± 0.3[^\*\*\*^](#tfn18-bt-27-290){ref-type="table-fn"}   3.43
  Imperatorin       1                                                       74 ± 3[^\*\*^](#tfn17-bt-27-290){ref-type="table-fn"}       4.01
  2                 45 ± 8[^\*\*^](#tfn17-bt-27-290){ref-type="table-fn"}                                                               
  Dopamine          1                                                       61 ± 0.1[^\*\*\*^](#tfn18-bt-27-290){ref-type="table-fn"}   −2.18
  MPP+              1                                                       75 ± 3[^\*^](#tfn16-bt-27-290){ref-type="table-fn"}         −0.29
  ALC               1                                                       79 ± 3[^\*\*^](#tfn17-bt-27-290){ref-type="table-fn"}       −3.69
  Verapamil         1                                                       77 ± 2[^\*\*^](#tfn17-bt-27-290){ref-type="table-fn"}       2.46
  Quinidine         1                                                       77 ± 2[^\*\*\*^](#tfn18-bt-27-290){ref-type="table-fn"}     0.98
  TEA               1                                                       99 ± 6                                                      −3.26
  Choline           1                                                       122 ± 20                                                    −4.14
  E.S               1                                                       105 ± 6                                                     −1.4
  PAH               1                                                       108 ± 7                                                     −3.69
  6-MP              1                                                       102 ± 4                                                     −3.09

ALC, acetyl-L-carnitine; E.S, estrone 3-sulfate; TEA, tetraethylammonium; PAH, para-aminohippuric acid. MPP^+^, 1-methyl-4-phenylpyridinium; 6-MP, 6-mercaptopurine. Uptake of \[^3^H\]paeonol was measured at 37°C for 5 min in the transport ECF buffer (pH 7.4) that containing each 1--2 mM of compound. The cellular uptake is presented as percent of control. The data of each value represent the mean ± SEM (n=3--4).

*p*\<0.05,

*p*\<0.01,

*p*\<0.001 was significantly different from control pH: 7.4.
